Directed differentiation methods allow acquisition of high-purity cardiomyocytes (CMs) 31 differentiated from human induced pluripotent stem cells (hiPSCs); however, their 32 immaturity characteristic limits their application for drug screening and regenerative therapy. 33 The rapid electrical pacing of cardiomyocytes have been used for efficiently promoting the 34 maturation of cardiomyocytes, here we describe a simple device in modified culture plate on 35 which hiPSC-derived CMs (hiPSC-CMs) can form three-dimensional self-organized tissue 36 rings (SOTRs). Using calcium imaging, we show that within the ring, traveling waves (TWs) 37 of action potential spontaneously originated and ran robustly at a frequency up to 4 Hz. After 38 2 weeks, SOTRs with TW training showed matured features including structural organization, 39 increased cardiac-specific gene expression, enhanced Ca 2+ -handling properties, an increased 40 oxygen-consumption rate, and enhanced contractile force. We subsequently used a 41 mathematical model to interpret the origination, propagation, and long-term behavior of the 42 TWs within the SOTRs. This new idea for spontaneous hiPSC-CM maturation also has 43 potential for pacing the electrical excitable cells such as neuron and retina cells for various 44 applications. 45 46 47 48
Introduction
Although human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) have 50 been proposed as an abundant resource for tissue engineering, drug screening, and 51 regenerative-medicine applications 1 , they exhibit characteristics different from adult human 52 CMs, including immature sarcomere structure and morphology, a fetus-like gene-expression 53 profile, and inadequate Ca 2+ -handling properties 2-4 . The immature nature of hiPSC-CMs 54 potentially hinders their reflection of adult heart physiology for disease modeling and drug 55 assessment. 56 To achieve higher degrees of CM maturation and function, a variety of methods have 57 been developed, including dynamic culture 5 , three-dimensional (3D) engineered heart 58 tissue 6,7 , 3D printing 8 , addition of factors 9 , extracellular matrix 9,10 , and external stimulation. 59 Electrical stimulation, especially high-frequency pacing, has long been suggested as an 60 effective method for maturing muscle cells [11] [12] [13] [14] , which upregulates cardiac markers 12, 13, 15 , 61 enhances Ca 2+ -handling properties 3 , and promotes CM alignment 16 . During this process, 62 appropriate stimulation protocols are required to minimize possible tissue damage 17 . 63 Additionally, it remains challenging to rapidly pace CM tissues (≥2 Hz) over long time 18 due 64 to possible side effects, such as heavy metal poisoning, electrolysis, pH shift, and the 65 generation of reactive oxygen species (ROS) 19, 20 . Moreover, upscaling for mass stimulation is 66 either difficult or requires high level of power consumption 18 . As an important complement, 67 mechanical stimulation can promote CM maturation, with cyclic mechanical stress applied by 68 external stretching devices capable of forcing muscle-cell assembly into structurally and 69 functionally aligned 3D syncytium 21 , thereby affecting their gene expression [22] [23] [24] and Ca 2+ 70 cycling 25 . 71 On another hand, spiral waves (traveling waves) within cardiac tissue have long been 72 investigated as a model for arrhythmia studies [26] [27] [28] [29] , and the rapid beating caused by in-vivo 73 spiral wave could lead to dysfunction of heart and even death of a patient. However, when 74 used in in-vitro condition, the rapid pacing by spiral wave, similar to rapid electrical 75 stimulation, could be beneficial for cardiomyocytes maturation. 76 In this study, we created a platform capable of promoting rapid formation of hiPSC- 77 CMs into 3D self-organized tissue rings (SOTRs), where propagation of an action potential in 78 the form of traveling waves (TWs) can spontaneously originate and travel around the close-79 looped circuit, thereby making the CMs beat at a high frequency (~2-4 Hz) continuously and 80 robustly up to more than 89 days without any external stimulation. Additionally, we found 81 that the beating frequency and the TW speed could be adjusted by changing the diameter of 82 the ring. Furthermore, we constructed a mathematical model in order to elucidate the 83 origination, propagation, and long-term behavior of the TWs, with the model ultimately 84 agreeing well with the experimental data. After 2 weeks of training using the TWs, the 85 SOTRs demonstrated improved structural organization, upregulated cardiac-specific gene 86 expression, enhanced Ca 2+ -handling properties, an increased oxygen-consumption rate (OCR), 87 and enhanced contractile force. 88 Although the maturation level of CMs trained with TWs remains lower than that 89 acquired using state-of-art methods 13 , the maturation process demonstrated in the present 90 study was spontaneous and required no elaborate experimental setup and/or external 91 stimulation. Moreover, the mass production of matured CMs would be possible by simply 92 modifying conventional Petri dishes. Our results demonstrated a novel approach for 93 promoting spontaneous CM maturation and could serve as an economical and practical 94 system for future production of matured hiPSC-CMs.
96

Results
97
Self-organization of a hiPSC-CM ring 98 We created 3D SOTRs by plating hiPSC-CMs in a culture dish with a pillar in the center, 99 around which the CMs aggregated and formed a thick tissue ring within 2 days ( Fig. 1a -c and 100 Supplementary Fig. 1 ). As indicated by the genetically encoded calcium indicator GCaMP, 101 we found looped activation propagations within the SOTRs (i.e., TWs; Supplementary Video 102 1), with from zero to three TWs present in one SOTR ( Fig. 1d Video 2). 104 A trace recording ( Fig. 1d and e) indicated no long rest periods between successive 105 TWs, resulting in higher beating rates in SOTRs capable of sustaining a higher number of 106 TWs ( Fig. 1e and f). The spontaneous beating rate of SOTRs with zero TWs was 0.21 ± 0.10 107 Hz on day 6 and remained stable for 2 weeks, whereas the rates of SOTRs with one or two 108 TWs on day 6 were much higher (2.40 ± 0.49 Hz and 3.30 ± 0.39 Hz, respectively). Notably, 109 the wave speed in the TW groups was much lower (~2 cm/s) than that of the spontaneous 110 beating group (0 TW; ~9 cm/s). It is possible that the slower speed together with the 111 shortened pacing interval and refractory period might be caused by the higher beating 112 frequency in the TW groups relative to that in the zero TW group ( Supplementary Fig. 2 ), 113 which agrees with previous reports associated with excitable media 30-34 .
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The beating rates of the one and two TW groups increased slightly over 2 weeks of 115 culturing, reaching 3.03 ± 0.68 Hz and 3.92 ± 0.69 Hz on day 14, respectively. After a 6-day 116 culture, 83.8% of 204 SOTRs had one or two TWs, 14.2% had zero TWs, and 2% had three 117 TWs; however, these percentages changed after a 2-week culture to 28.5% with zero TWs, 118 48.9% with one TW, 22.6% with two TWs, and no SOTRs with three TWs (Fig. 2d ). Noise 119 and disturbances, such as those during medium changing, might have provoked changes in 120 and/or disappearance of TWs. In the long-term culture, we found that TWs could be 121 maintained in SOTRs for >89 days ( Supplementary Fig. 3 ). 122 To better understand the nature of these TWs according to their organization, 123 propagation, and long-time behavior, we constructed a mathematical model (Supplementary 124 Information and Supplementary Fig. 4 ) comprising a ring of cells, each of which can beat 125 spontaneously with an intrinsic frequency. The total number of the cells in each ring in the 126 model is proportional to the diameter of the ring. The coupling between neighboring cells 127 through gap junctions 35,36 gradually increases with time in order to simulate the self-128 organization and formation processes of the SOTR. Initially, all cells were independently set 129 to a random phase of beating, with all cells beating independently. As the gap junctions form 130 and strengthen, the beating of one cell harbors an increasing probability of triggering beating 131 in its neighboring cell, thereby forming a propagating wave. Initially, these waves are 132 unsynchronized and short-lived, as they initiate, disappear, and sometimes meet and collide 133 (Supplementary Video 3). Over time, a SOTR is left with one dominant propagating-wave 134 mode comprising zero or more TWs ( Fig. 2a and Supplementary Video 3), with this process 135 similar to that observed in our experimental findings (Supplementary Video 4). Notably, 136 SOTRs with one or two TWs accounted for most of the simulation samples, a trend also 137 observed in our experimental results ( Fig. 2b ). 138 We then investigated how TW features and properties were affected by characteristics, 139 such as ring diameter, in the mathematical model and experiments. The beating frequency of 140 cells in SOTRs decreased with increasing ring diameter, as shown with one TW in Fig. 2c . 141 We noted that a constant TW speed implied a linear decrease in beating frequency with ring 142 diameter (which is proportional to the ring perimeter), and that the greater the perimeter, the 143 more time the wave would spend to travel around it. However, the data in Fig. 2c show a 144 slower-than-linear decrease; therefore, we measured the wave speed, finding that it increased 145 along with ring diameter in both the simulation and experiment ( Fig. 2d ). As discussed in the 146 Supplementary Information, this was due to the ability of a single hiPSC-CM to 147 spontaneously beat. Cells in larger rings would wait longer for the next TW to arrive, thereby 148 making them easier to be activated by the wave front and resulting in a faster wave speed. 149 This insight allowed us to predict the speed of two and three TWs. As shown in Fig. 2e , the 150 prediction agreed well with our experimental results. Additionally, the mathematical model 151 showed that the maximum number of TWs that a SOTR could sustain increased along with 152 ring diameter, which was confirmed experimentally (Fig. 2f ). Here, the mathematical model 153 predicted that SOTRs with a diameter of 17 mm could contain as many as 19 TWs. 154 Experimentally, we found that SOTRs with a 3-mm pillar were optimal based on their highest 155 occurrence of TWs (~90% at ≥1 TW) ( Supplementary Fig. 5 ). Moreover, the beating 156 frequency of one TW was only slightly slower than that in SOTRs with a 1-mm pillar; 157 therefore, SOTRs with a 3-mm pillar were chosen for subsequent investigations. The human fetal heart rate varies, although it generally stabilizes at ~3 Hz, whereas the adult 161 human heart rate is ~1 Hz 37 . Electrical stimulation has been used to mature CMs by pacing 162 their beating at a certain higher-than-normal frequency relative to a normal human rate 3 ; 163 however, continuous and high electrical stimulation can cause cell damage. Here, TWs within 164 the SOTRs were able to make the CMs beat at various frequencies in the absence of external 165 stimulation. 166 We used RNA sequencing to compare gene-expression profiles among different 3e-g) due to higher beating rates during culture, which agreed well with previous reports 189 utilizing electrical stimulation at different frequencies 3,15 . 190 Hematoxylin and eosin (HE) staining showed that CMs with TWs densely packed 191 with each other to a greater degree than those without TWs ( Supplementary Fig. 6 ). 192 Moreover, SOTRs with TWs demonstrated densely packed cardiac myofilaments along the 193 ring orientation, which was also along the path of the TWs, whereas CMs in SOTRs without 194 TWs (0 TW) were randomly oriented and poorly organized ( Fig. 4a and b ). Additionally, 195 after a 14-day culture, CMs in SOTRs with TWs strongly expressed the α-actinin as 196 compared with those in SOTRs without TWs ( Fig. 4c ), in agreement to gene expression 197 (ACTN2, Fig. 3g ). Importantly, CMs in SOTRs with TWs exhibited significantly longer 198 sarcomere length than those without TWs (1 TW: 1.71 ± 0.08 µm; 2 TWs: 1.83 ± 0.10 µm; 199 and 0 TW: 1.49 ± 0.08 µm) ( Fig. 4c and d) , which is closer to the sarcomere length in human 200 adult CMs 39 . Furthermore, electron microscopy indicated that cells in TW groups exhibited 201 larger sarcomeric bundles, well-defined Z disks, A-bands, and myofibrils ( Fig. 4e ). These 202 data suggested that CM maturation was improved within SOTRs with TWs relative to those 203 with zero TWs. Our findings confirmed the genetic and structural maturation of SOTRs with 204 TWs, and that faster beating rates during short-term culture could lead to higher levels of 205 maturation.
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TWs improve bioenergetics and Ca 2+ -handling properties 208 An extracellular-flux analyzer was used to characterize mitochondrial function in CMs within 209 SOTRs. To record the maximum activity of the electron-transport chain from adenosine 210 triphosphate (ATP) synthesis, mitochondrial ATP synthase was inhibited by oligomycin, and 211 a proton-gradient discharger was added to measure maximum mitochondrial respiration. Our 212 results indicated that the maximum respiration rate of groups with two TWs was significantly 213 higher than that observed in groups with zero or one TW ( Fig. 5a construct. This new methodology could be an important complement to current widely used 253 methods 3,19,21,25 , and the rapid formation of the ring organoid might be important for future 254 mass production for drug-screening applications. 255 Given the large cell number required for SOTR formation in one well (4 × 10 5 cells), 256 it remains difficult to achieve high-throughput assessment similar to those previously In conclusion, we found that TWs could be spontaneously generated and maintained 283 within a SOTR comprising hiPSC-CMs, and that the TWs were able to make the CMs beat at 284 a high frequency comparable to that found in utero during embryonic development. medium was changed to serum-free medium (cardiac differentiation medium without FBS) 326 from day 2. After that, fresh medium was changed every 4 days. Before medium changing, 327 the fresh medium was pre-warmed to 37 degree. The dishes were placed on top of a pre-328 warmed metal block during medium changing. The medium was pipetted gently and slowly 329 into the wells. RNA quantification and qualification for RNA sequencing 435 RNA degradation and contamination was monitored on 1% agarose gels. RNA purity was 436 determined using a NanoPhotometer spectrophotometer (Implen, Westlake Village, CA, 437 USA). RNA concentration was measured using a Qubit RNA assay kit in a Qubit 2.0 438 fluorometer (Life Technologies). RNA integrity was assessed using the RNA Nano 6000 439 assay kit and the Agilent Bioanalyzer 2100 system (Agilent Technologies). If, which helps resting cells gradually elevate their APs beyond a threshold, followed by the 732 initiation of depolarization. When stable TWs appear in a ring, the time between two 733 successive beats becomes shorter than that of its own spontaneous beat rate. This is because 734 in the case of TWs, the beating of a cell is due to activation by its neighbor, which would 735 occur prior to its self-activation by the Funny current. The larger the ring diameter, the longer 736 it will take the TW to traverse it, and the longer a cell waits to be activated by its neighbor. 737 This will bring the cell closer to its own self-activation point, resulting in a more rapid 738 activation when the neighbor is activated and a more rapidly propagating TW. The above 739 intuitive argument can be quantitatively expressed in the following equations. 
